Abstract: By applying first principles density functional theory (DFT) methods, different metal fluorides and their surfaces have been characterized. One of the most investigated metal fluorides is AlF 3 in different polymorphs. Its chloride-doped analogon AlCl x F 3−x (ACF) has recently attracted much attention due to its application in catalysis. After presenting a summary of different first-principle studies on the bulk and surface properties of different main group fluorides, we will revisit the problem of the stability of different α-AlF 3 surfaces and extend the investigation to chloride-doped counterparts to simulate the surface properties of amorphous ACF. For each material, we have considered ten different surface cuts with their respective terminations. We found that terminations of (0110) and (1120) yield the most stable surfaces for α-AlF 3 and for the chlorine substituted surfaces. A potential equilibrium shape of the crystal for both α-AlF 3 and ACF is visualized by a Wulff construction.
Introduction
Heterogeneous catalysis is nowadays mainly performed with metal oxides; therefore, a vast amount of publications, both experimentally and computationally, deal with the investigation of metal oxide surfaces as model systems for heterogeneous catalysis (for a recent review, see [1] ). However, for increasing the catalytic active sites in the material, realistic catalysts are very often so-called high-surface materials with crystalline particle sizes in the nanometer regime. The concept of nanotechnology was first introduced by R. P.Feynman in 1959, in his famous speech "There's plenty of room at the bottom" [2] , meaning that "the control of materials and their properties in the atomic scale comprised a new frontier of opportunity in science and technology". About 30 years later, Gleiter et al. launched the systematic study of nanoscopic materials, introducing the terms "nanocrystalline" and "nanocrystal" [3] . Due to their size-dependent physical and chemical properties [4] , nanomaterials are spread over a wide range of applications in many areas of human activity, particularly in electronics [5] [6] [7] [8] , optics [9, 10] and medicine [11] [12] [13] . For a long period of time, the interest in metal-based compounds was confined to oxides [14] [15] [16] . Only recently, considerable attention has been devoted to metal fluorides [17] [18] [19] , especially after the development of the sol-gel route to their synthesis [20] . Originally used for the synthesis of nanoscopic AlF 3 [21] [22] [23] and successfully applied to MgF 2 -based materials [24] , fluorolytic sol-gel synthesis has been operated on many other fluorides [25, 26] , including ZnF 2 [27] and the alkaline-earth fluorides CaF 2 , SrF 2 and BaF 2 [28, 29] . In a sol-gel procedure, a metal precursor reacts with hydrogen fluoride in a suitable organic solvent to form a transparent sol. After a post-treatment, the desired nanomaterial is obtained.
Due to their high surface area and moderate to high Lewis acidity, the sol-gel synthesized aluminum fluoride and magnesium fluoride have revealed outstanding catalytic performance We restrict ourselves here to electronic structure calculations with density functional methods, but it is known that the nanoscopic structure of a solid is strongly influenced by the temperature and pressure of the surrounding atmosphere, either of which is not included in electronic structure calculations, and therefore, all calculated physical properties are only valid at T = 0 K and p = 0 atm (vacuum). However, electronic structure calculations can be combined with thermodynamics to include the effects of temperature and pressure. This combination, referred to as ab initio surface thermodynamics, can be employed to link results from electronic structure calculations to macroscopic properties and predict the stability of different surfaces under realistic conditions. The method was established and applied to metals and metal oxides in contact with an oxygen gas phase [61] [62] [63] . Later, surface thermodynamics were employed to predict the stability of AlF 3 [45] , MgF 2 surfaces in a mixed HF/H 2 O environment [64] and the morphology of different alkali earth fluorides under HF pressure [56] .
We focus in this study on the T = 0 K properties of the investigated surfaces and will first in the next section explain the methodology and models used and present the results afterwards.
Methodology and Models

Calculation of Surface Energy
The general formula to calculate surface energies is:
where E surf is the surface energy, E slab is the energy of the slab, E bulk is the bulk energy per unit cell, n is the number of the bulk unit cells in the slab and A is the area of the surface. The factor of 2 in the denominator arises since the surfaces on both sides of the slab contribute. Therefore, the formula requires slabs to be constructed symmetrically. In addition, unfortunately, Equation (1) can only be applied if n is an integer, i.e., if the slab is stoichiometric. Constructing slabs in this way for AlF 3 is not always possible for every termination and surface cut while keeping the terminations the same on both sides of the slabs. An approach towards overcoming this challenge was suggested by Bailey et al. [45] via the chemical potential: Our primary approach for studying fluorine substitutions in ACF surfaces is to replace a fluoride on (or closest to) the exposed surface with a chloride ion. The internal coordinates of the resulting slab are then allowed to relax. In this case, there is no need to substitute on both sides of the slab, as the surface energy of the unsubstituted surface can easily be subtracted, where E surf is the surface energy of the one side substituted slab:
Slab Construction
Two-dimensional surface models (slabs) are directly constructed from preceding bulk calculations. These bulk computations were performed at the experimentally-determined lattice constants [60] , while at the same time, atomic positions (internal coordinates) were allowed to relax. When the cell constants were allowed to relax too, they showed only small deviations from the experimental structure with a variation of ∆a = −0.49% and ∆c = 0.93% compared to the experimental values (a = 4.907 Å, c = 12.582 Å). Such relaxations introduce a rather small volume change of 0.348 Å 3 and an energy lowering of about 11 meV per unit cell. For this reason, we fixed the lattice constants to the experimental values in our model to keep it strictly systematic for different slabs.
Symmetric slabs with different surface terminations were obtained by cutting through the respective planes and identifying the different terminations. A handy tool to perform this task is, e.g., XCRYSDEN [66] . In the presented work, we have calculated the surface energies of all the possible terminations of ten low-index surfaces of α-AlF 3 , which are the (0001), (0110), (0221), (0112), (0111), (1012), (1120), (1011), (1121) and (1122) surfaces. A vacuum of 20 Å was kept for all slabs and was found to be sufficient for convergence. The number of layers necessary to achieve converged surface energies varied for different surfaces. This is because one layer is typically defined for atoms with the same (or very similar) z-coordinate (vertical position). Thus, atoms with a different z-coordinate are typically partitioned into different layers. As a consequence, whenever a cut through the bulk generates a slab unit cell, where there are many atoms with different z-coordinates, there is also a larger number of layers. For example, in the (0001) surface, the typical distance between the consecutive layers is about 1 Å, whereas it is between 0.1 and 0.2 Å for a surface like (1121). Thus, the convergence in the surface energy for the former was reached with 20 layers, while the latter required 95 layers. As a consequence, it is not the number of layers, but the actual thickness of the slab that matters. In our cases, a thickness of 15 Å or slightly more leads to surface energies converged within 0.01 J m −2 .
Computational Details
All computations in this work were performed by applying the Vienna Ab Initio Simulation Package (VASP) [67] [68] [69] [70] . Within the VASP code, we employed plane wave DFT with the PBE functional [71] , together with the projector augmented wave (PAW) potentials [72] and the Γ-centered Monkhorst-Pack grid of size 6 × 6 × 2 [73] . Dispersion corrections were included via the D3-method [74] including BJ damping [75] . In various ionic compounds, PBE yields reasonable results [76] [77] [78] [79] . The van der Waals radius for D3-BJ corrections in the calculations was assigned to be 20 Å. The convergence criteria for the electronic self-consistent field loop was set to 1 × 10 −5 eV. The plane waves cut-off criterion was set to 600 eV. In addition, we utilized the tetrahedron method with Blöchl corrections [80] . The force and stress tensors were calculated, and ions were allowed to relax for a fixed cell shape and volume using the conjugate gradient algorithm. The ionic relaxations were stopped when all forces acting on the ions were below 0.01 eV/Å. VESTA [81] was used for visualization, and a Wulff construction [82] [83] [84] of the crystal shape was performed. The Bader charge analysis was performed with the charge density grid method [85] [86] [87] . For constructing the FFT mesh, 200 grid points were used along the lattice vectors for the coarse grid and 400 points for the fine one.
Effect of DFT-D3 Correction
To estimate the impact of the D3-BJ corrections, we have inspected the stable surface terminations also without the D3-BJ corrections. The bulk structure without the D3-BJ correction was slightly larger with a = 5.002 Å (δ exp−calc = 1.4%) and c = 12.604 Å (δ exp−calc = 1.1%). Based on these bulk parameters, slabs for the surface analysis were created. All relaxed surfaces without DFT-D3 corrections show very similar structural rearrangements compared to the ones with D3 corrections. The surface energy was calculated using the same techniques as mentioned earlier. When calculated without the D3 correction, the surface energies of all the terminations decreased uniformly by about 0.22 J m −2 . This means D3 adds a significant contribution to the surface energies and that dispersive interactions play an important role. However, due to the uniform decrease over all surface energies, the shape of the crystal is nearly unaffected by the D3 correction. However, the absolute numbers of the surface energies should be interpreted with care. 3 We calculated the surface energies of all the possible terminations of ten low-index surfaces of α-AlF 3 , namely the (0001), (0110), (0221), (0112), (0111), (1012), (1120), (1011), (1121) and (1122) surfaces. The entirety of the various computed surface energies considered is summarized in Table 1 together with the formal charges of the terminating layers determined as the sum of the formal charges of the contributing ions (Al: +3, F: −1). The most stable surface was found to be the neutral (0110) surface, which was closely followed by the neutral termination of (1120). Both of these surfaces are stoichiometric, i.e., the ratio of the F to Al on the surface was 3:1. The only other stoichiometric termination was that of (1122), which was the fourth most stable surface. It appears that the neutrality of the surface owing to the exact stoichiometry improved the stability drastically. For non-stoichiometric terminations, the surfaces whose net charge was closer to zero were generally more stable than the ones whose charge was considerably higher or lower. Among those, the surfaces with a net positive charge were more stable than the negatively-charged ones. This trend is clearly seen in Figure 2 , where all the determined surface energies are plotted against the net charge of the surface. A higher positive charge yields only a small increase in the surface energy, whereas negative charges have a highly destabilizing effect. With the energies of the most stable terminations of these 10 different low index surfaces, we could depict a reliable Wulff construction to quantify the occurrence of surfaces in a realistic crystal in a vacuum. The equilibrium shape of the α-AlF 3 -crystal according to the Wulff scheme is shown in Figure 3 . The most stable surface, (0110), was also the one with the highest surface exposure as it covered about 35% of the surface area. Surprisingly, it was followed by the fourth most stable surface, (1122), which made up about 28% of the crystal area. The (1120), (0001) and (1012) contributed with 16%, 11% and 8%, respectively. Only five out of the ten cuts that were considered actually showed up in the crystal in the vacuum. The surfaces (0221), (0112), (0111), (1011) and (1121) did not contribute, in spite of having a surface energy smaller than some of the present ones.
Results and Discussion
α-AlF
Only the (0001) and (1012) surfaces of the crystal, which contributed less than 20% of the total surface, exposed aluminum centers, which were assumed to be active reaction sites. The most often occurring surfaces of (0110) and (1122) did not directly expose an aluminum center on the surfaces. Rearrangement of the fluorides yielded shielded aluminum centers with a coordination number of four.
The structural changes of the most stable terminations for the α-AlF 3 -surfaces, their respective surface energies and the coordination numbers of the aluminum centers closest to the surface are summarized in Table 2 . Looking in more detail at the structural properties, the most stable surface of (0110) had four-fold coordinated Al centers on the unrelaxed surface. Upon structural optimization, the fluorides rearranged to form a tetrahedron around the Al center, maintaining the coordination number. The length of the top Al-F bond was 1.63 Å, contrary to 1.81 Å in the bulk. This indicates a stronger Al-F bond, due to the under-coordinated aluminum centers on the surface. The initial and the optimized structures are depicted in Figure 4 . Table 2 . Surface energies (E surf in J m −2 ) of the pure and chlorine substituted surface, the coordination number (CN) of the aluminum centers at the surface and the reaction energy (kcal mol −1 ) for that substitution of one chlorine. PBE-D3(BJ). In the case of the (1120) surface, all the aluminum centers closest to the surface had a coordination number of five. In the unrelaxed case, aluminum was coordinated by fluorides, forming a pyramidal shape with the exposed aluminum facing upwards. On structural optimization, the coordination number remained five, but the shape was distorted towards a trigonal bipyramidal coordination sphere, as seen in Figure 5 . The distance between the terminal fluorides and the aluminum atoms was reduced to 1.657 Å. This shift indicated strengthening of the bond, similar to the (0110) case. The most stable termination of the (1121) surface had three-fold, four-fold and five-fold coordinated aluminum centers when the surface was cut directly from the bulk. However, upon structural relaxation, the three-fold coordinated center shifted to form a four-fold coordinated distorted square planar structure. The four-fold coordinated structure rearranged to a tetrahedron-like structure with the terminal fluoride exhibiting a bond length of 1.63 Å. The five-fold coordinated relaxed into a trigonal bipyramidal coordination sphere, similar to the one seen in the (1120) surface. The terminal fluorine of this trigonal bipyramid had a bond length of 1.65 Å. The four-fold and five-fold coordinated aluminum centers of the (1122) surface showed rearrangements similar to those seen in the (0110) for the four-fold coordinated aluminum centers and the (1120) for the five-fold coordinated aluminum centers. Three-fold coordinated aluminum centers occurred on the (1012) and (0001) surfaces. In both cases, almost no rearrangements upon structural relaxation could be observed, resulting in structures as shown in Figure 6 . The bond distance between the surface Al of the (1012) and (0001) surfaces and the closest bridging fluorides to it was about 1.84 Å and 1.85 Å, respectively. This is slightly higher than observed in the bulk.
Bader charge analysis of the bulk and the surfaces elucidated the binding situation even further. In the AlF 3 bulk, the charge at the fluorine was −0.855 e, where "e" is the absolute charge of an electron, while the charge on aluminum was 2.565 e. This indicates a strong ionic binding character of the compound. Apart from being a reference for understanding the changes in charge when the surface was formed, these values also help in confirming that the thickness of the slab was sufficient. The charge analysis of the (0001) surface shows that the charge of the three-fold coordinated aluminum center on the surface had reduced drastically to 1.41 e. The three fluorides in its coordination sphere, however, showed only a slight decrease in their charge (−0.892 e). The terminal fluorides on (0110) slightly increased their charges to about −0.814 e. The charges on the aluminum atoms, closest to the surfaces, decreased slightly to 2.524 e and thus showed no significant changes compared to the bulk. This charge analysis yielded very similar results for all surfaces regarding similar structural motifs.
Chlorine Substitution of α-AlF 3
To understand more about the structural and electronic properties of the surface of ACF, we substitute selected fluoride ions on the top and in the bulk with chlorides. The analysis of the corresponding reaction energies of a hypothetical reaction gave more insight into the stability of the systems. For the bulk reaction energies, one and two substituted chlorines per unit cell-corresponding to x = 0.166 and x = 0.333, respectively-were considered. For x = 0.166, the reaction was endothermic with an energy of 81.77 kcal mol −1 . For the doubly-substituted bulk, the energy depended on the relative positions of the substituted chlorides and was about −82 kcal mol −1 per chlorine atom. This negative value is in line with the experimental observation that the dechlorination of AlCl 3 towards the AlF 3 composition was exothermic [59] . Most probably, the small amount of chlorine in the dechlorination reaction was due to kinetic effects, which are beyond the scope of this work. Regarding the chlorination on the surfaces, the reaction energies for replacing a terminal fluoride were reduced compared to the bulk and varied from 41-48 kcal mol −1 depending on the surface. In general, the reaction energy was lower if the terminal fluorides were replaced compared to the replacement of bridging fluorides, ranging from 52-86 kcal mol −1 depending on the surface (see Table 2 ).
Especially for the most stable surfaces with terminal fluorides, the reaction was far less endothermic than the one with respect to the bulk. Even for replacing the bridging fluoride, as was the case in the (0001) surface, the reaction energy was still smaller by 25% than the bulk. A Wulff construction [82] [83] [84] of the crystal of the chlorine substituted surface showed that except for the small amount of the (1121) surface occurring, the surfaces that appeared were the same compared to the pure crystal. The relative surfaces energies were however different, and thus, the shape of the Wulff construction changed.
Having first a closer look at the rearrangement for the terminal fluoride replacement, like that of the (0110) surface, we see that the coordination sphere around the aluminum center was nearly unchanged (Figure 7 ) and that the Al-Cl bond length (2.05 Å) was longer than the Al-F bond. A similar trend was seen for the terminal substitution on the (1120) and (1012) surfaces. In summary, this shows that the substitution of a terminal fluoride did not change the structure significantly and that the surface energies only increased slightly. This is different if the bridging fluorides are substituted. This was accompanied by a considerable change in the atomic structure, as shown in Figure 8 for several surfaces, and also, the substitution energy was very diverse for different surfaces. For example, the bridging substitution of the (1120) surface with an energy of 86 kcal mol −1 was bulk-like. After relaxation, the chloride remained a bridging one and thus maintained the coordination number of the aluminum centers. The bond distance of the Al-Cl bond here was 2.20 Å to both aluminum centers. For the substitution on the (1012) surface, the reaction energy for the bridging substitution was 55.4 kcal mol −1 , quite similar to the terminal one (47.5 kcal mol −1 ). Here, the bridging fluorides were closer to the surface. After relaxation, the chloride bent upwards, and the Al-Cl bond distances were 2.48 Å and 2.24 Å. This rearrangement, which changed the coordination sphere of the Al center, is seen in Figure 8 . A similar rearrangement of the bridging chloride moving upwards was also found for the (0110) and (1122) surfaces (see also Figure 8 ).
Regarding the (0001)-surface, chloride substitutions yielded structural changes where two-fold coordinated Al-sites occurred on the surface, which can be regarded as very reactive. Although the substituted chloride looked like a terminal one, the distance between Al-Cl was about 2.4 Å, which is significantly larger than the Al-Cl bond length observed for terminal substitutions. In other cases like the (0221) surface, the substitution of the bridging fluoride resulted in a similar change. Bader charge analysis of the substituted surfaces showed that the charge on the chloride was slightly smaller than that of the fluoride it substituted by about 0.05 e. Thus, the chloride substitutions did not change the charge distribution on the surface, but could change the structure significantly. These structural changes could be responsible for the higher catalytic activity of ACF compared to AlF 3 .
Conclusions
DFT-based first principle calculations can help to elucidate the structural and energetic properties of various surfaces occurring in nanoscopic materials. These results are a first step in the understanding of the catalytic properties of nanoscopic materials and the basis of further investigations like the adsorption of probe molecules and the related frequency shifts or surface thermodynamics studies. With the knowledge of the possible surface structures, in a long-term perspective, catalytic reactions can be modeled, and by the search for the transition state, also kinetic properties can be described. For our presented example, α-AlF 3 and ACF, we could clearly identify the most stable surfaces, which are the (0110) and the (1120) planes. Depending on which fluoride is substituted by chloride at the surface, these surface energies are changed quite significantly for ACF. However, overall the charge distribution is not affected dramatically upon substitution, and changes in reactivity are due to the strong structural changes that leave aluminum sites exposed prominently. Surface energies are generally destabilized upon substitution of fluorine by chloride. The overall shape of the crystals determined via the Wulff construction is only slightly effected by the substitution of a few fluorides at the surface, but the exposed aluminum, in those surfaces, can lead to strong changes in the reactivity.
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